It is generally accepted that a micrometer scale roughness supports the osseointegration of titanium implants. While abrasive technologies can easily be employed to create a micro-topography on titanium surfaces, the preparation of rough ceramic surfaces is more challenging. Typically, abrasive treatments of yttriastabilized tetragonal zirconia polycrystal (Y-TZP) surfaces result in rather smooth topographies (R a < 0.6 μm). Furthermore, when this sandblasting process is performed after firing, a transformation of the tetragonal into the monoclinic phase is observed. Exceeding phase transformation may lead to a decreased flexural strength and an increased brittleness -two highly undesirable processes for a ceramic for load bearing applications. In the present study Y-TZP surfaces were sandblasted between the presintering and the final sintering step. Instead of corundum particles, sintered Y-TZP grit was employed for blasting. By varying the particle size and the sandblasting pressure, moderately rough (R a ~ 1.7 μm) and rough (R a ~ 3 μm) Y-TZP surfaces could be prepared. The resulting rough Y-TZP materials were analyzed with respect to their microstructure, flexural strength and 3D surface topography. The results of the subsequent in vitro and in vivo experiments reveal a cytocompatibility and a bone-implant contact that is well comparable to the reference material titanium SLA (sandblasted, large grit, acid etched).
Introduction
The number of partially edentulous patients is estimated to amount to more than 240 million people in Western Europe, America and Japan [1] . Many of these patients are treated with dental implants to replace the natural tooth root. To date most of these dental implants are made of titanium and its alloys [2, 3] . However, titanium implants revealed a number of disadvantageous features over the past decades that may be overcome with yttria-stabilized tetragonal zirconia ceramics (Y-TZP) for dental implantology. While titanium dental implants were frequently reported to result in an enrichment of toxic ions in the host tissue and the development of allergic reactions, Y-TZP implants do not show any toxic degradation products [4] [5] [6] . Y-TZP dental implants show a good mechanical stability and an excellent biocompatibility due to their minimal thermal and electrical conductivity, negligible biodegradation, and minimal reaction with the surrounding biological environments. One of the main advantages of Y-TZP is based on its esthetic appearance. In the event of mucosa retraction or tissue thinning, titanium implants become well visible. In these cases Y-TZP implants offer an esthetic advantage since their color is similar to teeth. Y-TZP surfaces were further reported to result in less plaque accumulation [7] [8] [9] . Consequently, since the introduction of Y-TZP as a structural ceramic for loadbearing components in the 1980s, its market share in the area of dental implantology increased steadily over the past decades.
One of the main drawbacks of Y-TZP is its limited processability with respect to tuning its surface roughness.
Since the primary implant stability and an effective osseointegration were reported to be significantly stimulated with increasing surface roughness for titanium implants (reviewed in [10] ), it would be highly desirable to prepare Y-TZP surfaces with a roughness in the micrometer scale, as well. The limitations in preparing such Y-TZP surfaces result from two obstacles: (i) the limited success of abrasive techniques and (ii) the possibility of reduced strength of the roughened material. In the sintered state abrasive surface treatments of Y-TZP samples like sandblasting typically result in slightly rough surfaces (mean surface roughness R a values of < 1 μm) [11, 12] . On the contrary, moderately rough titanium surfaces, that were described to efficiently support osseointegration (R a from 1 μm to 2 μm) can easily be prepared by sandblasting with corundum particles (large grit). Abrasive surface treatments like sandblasting may further support the transition of tetragonal phases to monoclinic phases in Y-TZP (t → m transformation) [13] . If the concomitant stresses are degraded with time, a subsequently increase of the brittleness of the material follows and emerging micro-cracks (i.e. the valleys of the micro-topography) can easily propagate from the surface through the bulk material.
In this study we present an alternative approach towards increasing the micro-scale surface roughness of Y-TZP. Instead of sand blasting after the final sintering step Y-TZP surfaces were abrasively treated after pre-sintering. Instead of corundum particles, sintered Y-TZP particles of different diameters were used to roughen the pre-sintered Y-TZP surface. Blasting was performed on the pre-sintered materials since the material hardness was hypothesized to be sufficiently low for an abrasive treatment with sintered Y-TZP grit. It was further hypothesized that potential increases in the content of the monoclinic phase would be compensated by the final sintering process. The resulting abrasively treated surfaces were analyzed with respect to their microstructure and flexural strength. As suggested by Wennerberg and Albrektsson [10] and Ponche et al. [14] a detailed evaluation of the resulting surface topography was performed employing sophisticated 3D-topography models. Furthermore, the in vitro cytocompatibility and the in vivo osseointegration capacity were investigated and compared to the reference implant material Ti-SLA (titanium, commercially pure, sand blasted, large grit, acid etched).
Results and discussion
The aim of this study was to prepare micro-structured Y-TZP surfaces by means of blasting pre-sintered Y-TZP samples with sintered Y-TZP particles (Y-TZP-SS: blasted with small grits, < 3 bar; Y-TZP-SL: blasted with large grits, < 5 bar; Table 1 ). The surface modifications were prepared on both planar samples and on three dimensional implants (detailed information on the sample preparation are provided in the Materials and Methods section).
Investigations on micro structure and biaxial flexural strength
Irrespective of the surface treatment the microstructure analysis of the ceramic samples shows a homogeneous grain size distribution with a mean grain size of 0.46 μm. The maximum detected grains were approx. 1.30 μm in diameter. For Y-TZP a tight grain size distribution with a mean grain size from 0.2 to 0.5 μm, without porosity is recommended to obtain good mechanical properties [15] .
In contrast to an increase in the content of the monoclinic phase that is typically observed for Y-TZP, which is sandblasted after the final sintering process [13] , the XRD phase analysis shows only slight reflection peaks of the monoclinic phase. The amount of monoclinic phase fraction was around 1-3 vol% irrespective of the surface treatment. Consequently, the t → m phase transformation that may have been induced in the sandblasted, pre-sintered material is reverted through the final sintering process.
The machined Y-TZP sample without additional abrasive surface treatment displayed a biaxial flexural strength of 855 MPa ± 46 MPa that is within the requirements of the ISO standard 6872 (at least 800 MPa, polished Y-TZP: 912 MPa, data not shown). As expected no transformation toughening through the sandblasting process [13] could be observed since no significant increase in the content of the monoclinic phase was detected. Both sandblasting procedures led to a slight decrease of the biaxial flexural strength to 801 MPa ± 104 MPa and 752 MPa ± 133 MPa (Y-TZP-SS and Y-TZP-SL, respectively, Figure 1 ). Although the decrease in flexural strength is only 7%-12%, the samples either just meet or just fail to meet the requirements of the ISO standard 6872. Additionally, a reduction of the Weibull modulus from 22 to 9 and 5 (Y-TZP-SS and Y-TZP-SL, respectively) was detected. It is of note to point out that the harsher sandblasting conditions resulted in a more pronounced reduction of the flexural strength and Weibull modulus. Since the microstructure of all Y-TZP samples is comparable the reduced strength likely results from notch stresses that originate from the altered surface topography. Advantage of the sintering process after abrasive blasting can be seen in healing of microflaws. The decreased flexural strength of the abrasively treated materials may be improved by increasing the strength and especially the toughness of the untreated Y-TZP bulk material. By adapting the sintering regime a reduced grain size with a corresponding increase in the flexural strength could be obtained (this topic is currently under investigation in our labs).
Topographical analysis
The resulting surface topography was assessed by means of profilometry and additionally, as suggested by Wennerberg and Albrektsson [10] and Ponche et al. [14] a detailed evaluation of the resulting surface topography was performed employing sophisticated 3D-topography models (based on Stereo-SEM analyses). Typical threedimensional surface models obtained from Stereo-SEM measurements on the Y-TZP samples and the microstructured Ti reference are presented in Figure 2 . The milled and unblasted Y-TZP surface reveals a smooth topography with slight signs of a texture that results obviously from the machining process. In contrast an increased surface roughness could be observed for all sandblasted surfaces, indicating that the abrasive treatment of pre-sintered Y-TZP with sintered Y-TZP grit was successful. The morphology of the sandblasted titanium surface reveals sharper edges between the peaks and the micro-valleys. This apparently higher plasticity may be due to differences in toughness and brittleness of the bulk materials.
Based on the results of Stereo-SEM measurements on flat discs surface roughness parameters were determined that allow for a quantitative analysis of the surface topography as summarized in Table 2 . For the height information based surface parameters S a (standard deviation of the height information over an area) and S 10z (mean distance between the five highest peaks and the five lowest valleys) a clear dependency on the abrasive surface treatment could be observed. Both values (S a and S 10z ) increase with the sandblasting process parameters as shown exemplarily for the size of the employed grit.
The achieved surface roughness parameters (i.e.; S a values of 1.1 μm and 2.5 μm and R a values of 1.78 μm and 3.19 μm) are higher than most of the data provided for micro-topographies that were previously reported for sandblasted zirconia ceramics, which ranged between S a values of 0.56 μm (ZrO 2 [11] ), 0.96 μm (Y-TZP [12] ) and 1.1 μm (Y-TZP [16] ); and R a values of ~ 1.5 μm (ZrO 2 [17, 18] ). However, only few of these studies provided a detailed description of the abrasive treatment, the 3D topography or the mechanical properties. It is further of note to point out, that in all of the aforementioned studies the roughness of the Ti-SLA reference was higher than for the sandblasted ceramics, while in the present study the roughness of Ti-SLA and Y-TZP-SS is very similar (S a values of 1.16 μm and 1.01 μm and R a values of 1.72 μm and 1.78 μm). This was the case even though titanium was sandblasted with a large grit similar to the Y-TZP surface that was sandblasted with fine particles (Y-TZP-SS). Again this difference may be due to differences in toughness and brittleness of the bulk materials.
The results in Table 2 show a very good comparability of the roughness values between flat disc samples and implant surfaces. The only exception is the lower S a value for the Y-TZP-SL implant in comparison to the flat disc sample. Angle dependent studies are currently performed with both blasting grit sizes to investigate the cause for this observed decrease in S a .
The hybrid parameter S dr value shows an increase of the surface area ratio with an increasing grit size for both blasted ceramic discs and implants. Interestingly, the Ti-SLA samples show similar S a values compared to Y-TZP-SS but significantly higher S dr values (Figure 3 ). It is reasonable to conclude, that the Ti-SLA surface is characterized by the presence of a high concentration of topographical features in the sub-micrometer range, which are caused by the etching process. This assumption is also supported by the lower distance parameter S al for the Ti-SLA surfaces as shown in Table 2 .
Strongly orientated structures are only observable on untreated Y-TZP samples. The distance based parameter S tr is an indicator for the presence of an oriented structure. Its value ranges from "0" high degree of orientation Data are presented as mean ± standard deviation for at least three independent measurements. S a , arithmetic mean roughness; S 10z , mean distance between the five highest peaks and the five lowest valleys; S al , predominating wavelength; S tr , indicator for oriented structure; S dr , interfacial area ratio. (anisotropy) to "1" no preferential orientation of topographical features (isotropy). The rather low S tr value for Y-TZP can be attributed to highly oriented and uniform scrub marks that result from the machining process. This texture is completely destroyed through the abrasive treatment, as can be deduced from the significantly increased S tr values for all sandblasted samples. All other samples (flat discs and implant surfaces) show a random topography due to abrasive treatments. In summary, the sandblasting procedures result in Y-TZP surfaces with distinct topographical properties. There is a high similarity between Y-TZP-SS and Ti-SLA with respect to the observed micro-topography. However, the Ti-SLA samples reveal a more pronounced submicrometer topography as compared to Y-TZP-SS.
Chemical and physicochemical analyses
The performed chemical analyses via EDX showed no signs of impurities that may have resulted from the sandblasting procedure on any of the ceramic surfaces.
Analysis of both, wettability to water and zeta potential showed no significant difference between Y-TZP ceramics and the Ti-SLA reference. The water contact angles ranged between 60.0° and 66.5° and the zeta potential at a pH close to neutral ranged between − 18.4 mV and − 25.9 mV. Hence, no significant difference of the cell response is expected essentially caused by the physicochemical material properties.
Cell biological analysis
The biocompatibility of the prepared Y-TZP surfaces was assessed both in vitro and in vivo. The in vitro studies comprised investigations on the effect that the surfaces may reveal on the cell morphology, capacity of the cells to proliferate and the gene expression profiles for osteoblast-specific marker genes. In order to closely resemble the application milieu primary human osteoblasts were seeded onto the different Y-TZP sample surfaces and the titanium reference. After an incubation period of 4 days all investigated surfaces were covered with spread osteoblasts that displayed a well assembled cytoskeleton (Figure 4) . While, the cells that were incubated on the titanium reference surface (Ti-SLA) typically displayed a more elongated phenotype, all cells on Y-TZP surfaces are more evenly spread. From optical sections (x/z) through the image stack obtained with confocal laser scanning microscopy it is obvious that the osteoblasts adhered all the way from the peaks to the valleys of the microtopography. Furthermore, these images reconfirm the successful roughening of the Y-TZP surfaces.
The capacity of the cells to proliferate on the sample surface was assessed by means of the resulting cell number after an incubation period of 7 days for two different cell types. All investigated samples displayed cells with a high viability with no signs of cytotoxic effects (viability > 95%, data not shown). For the more robust osteoblast-like cells of the cell line MC3T3-E1 no significant effect of the surface or surface treatment on the cell number was observed ( Figure 5 ). Similar results were detected for the fully differentiated primary human osteoblasts. However, for the harshly sandblasted ceramics (Y-TZP-SL) a pronounced reduction in the cell density of primary human osteoblast was observed, indicating that this surface did not support the proliferation and/or cell adhesion of these osteoblasts as efficiently.
To analyze the effect of the surface treatments on the differentiation status of the osteoblasts, mRNA levels for five osteogenic marker proteins were quantified with real time RT PCR. A more than twofold increase or decrease in the mRNA levels for a certain gene of interest is considered to correspond to an overexpression or underexpression, respectively. An overexpression was observed for the late marker of osteogenesis osteonectin, irrespective of the sample surface that the osteoblasts were incubated on. Sample specific overexpression of osteocalcin and osteopontin were detected for the Y-TZP-SS surfaces but not for the Ti-SLA surfaces that possess a similar roughness of R a ~ 1.7 μm (Figure 6 ). Since these markers correlate well with histomorphometric measurements of bone formation in bone biopsy specimens [19] , it may be assumed bone remodeling and specifically in anchoring osteoclasts to the mineral matrix of bones is supported in vivo, as well. All other relative expression of marker genes are comparable as recently described in a study by Setzer et al. [20] . They found that neither the roughness of the material nor the bulk material choice (ceramic or titanium) affected the differentiation of human osteoblasts in vitro.
In vivo study
A clear influence of the surface topography is observable from the results of the in vivo study (Figure 7 ). Four months after insertion the bone implant contact (BIC) increases from 61.4% (Y-TZP) to 79.3% due to a moderate sandblasting with small grit (Y-TZP-SS). However, a further increase of the surface roughness through a harsh sandblasting procedure with a large grit reduces the BIC to 48.4% (Y-TZP-SL). Consequently, a moderate surface roughness (in this case R a ~ 1.7 μm) significantly improves the rate of bone apposition (p ≤ 0.001). This finding is in good agreement with earlier studies on sandblasted zirconia ceramics [11, 12] , zirconia ceramics roughened via an additive surface treatment [21] [22] [23] and titanium surfaces with a graded roughness as reviewed in [10, 24] .
The high BIC values for Y-TZP-SS correlate well with the high overexpression of both osteocalcin and osteopontin in vitro (Figure 6 ), as a potential indicator for an osteoclast mediated bone remodeling [19] , in comparison to Y-TZP, Y-TZP-SL and Ti-SLA. The low BIC values for Y-TZP-SL correlate well with the reduced cell count of primary human osteoblasts on these surfaces in vitro ( Figure 5) . A surface roughness as high as R a ~ 3 μm also bears the risk of impeding with the self-cutting effect of the dental implant. Consequently, the potential of the harsh sandblasting process for applications in dental implantology are limited.
When the two different bulk materials with similar micro-topography (R a ~ 1.7 μm) are compared, no significant differences in the BIC were detectable (Figure 7 ). This result is in good agreement with previously published studies [11, 12, 21, 25, 26] , in which the R a /S a value of the ceramics was slightly lower than the ones for Ti-SLA.
Of note, the BIC values of Ti-SLA and Y-TZP-SS are very similar despite the fact that there is a prominent difference between their nano-topographies (nanotopography on Ti-SLA surfaces is significantly more pronounced as shown in Figure 3 ). Consequently it may be concluded, that the micro-topography is more important for an effective osseointegration than the nano-topography. The nano-topography on Ti-SLA results from the etching process that was originally performed to eliminate corundum particles that remained on the titanium surface after blasting. A great number of studies were recently focused on the preparation of tailored nanotopographies on titanium and to the characterization of the influence of these nano-topographies on the biological response in vitro and in vivo (reviewed in [10, 27] ). Although the effect cannot fully be explained yet, it seems that nano-topography-based effects are more pronounced in the early stages of osseointegration. The data presented in this study support this hypothesis. Thus it would be of great interest for future studies to further equip Y-TZP-SS surfaces with a nano-topography and investigate its effect on osseointegration.
Conclusion
Y-TZP surfaces with different degrees of surface roughness can be prepared by blasting the pre-sintered ceramic with sintered Y-TZP grit of different grit particle sizes and different blasting pressures. This abrasive surface treatment resulted in a decrease of the biaxial flexural strength and in increase in the variance of the biaxial flexural strength. While flexural strength of the blasted ceramic with a moderate roughness (R a = 1.78 μm) is reduced to the limit of the recommend values, the mechanical properties of the rough ceramic (R a = ~ 3 μm) are not acceptable for applications with high loads (for example dental implants). An approach for improving the mechanical properties of the bulk ceramic by an adaption of the preparation of the ceramic and the sintering process, and thus reducing the grain size, is currently investigated by our labs.
By sandblasting with a small grit (Y-TZP-SS) a microtopography similar to the topography of Ti-SLA can be prepared on both planar and challenging sample geometries. The major difference is a certain lack in nano-topography on Y-TZP-SS surfaces. The data ascertained in this study allows the conclusion that the moderately rough Y-TZP-SS ceramic revealed the best results in vitro and in vivo. When Ti-SLA and Y-TZP-SS (both R a ~ 1.7 μm) are compared, higher BIC values for Ti-SLA in earlier stages of osseointegration were detected, that may be due to the more pronounced nano-topography. It can be further inferred that no other major differences were detected between Ti-SLA and Y-TZP-SS, which demonstrates the promising potential for surface modified Y-TZP ceramics in dental implantology. However, in vivo studies over a healing period of several years ( > 5 years) are needed to recommend rough zirconia materials over titanium for applications in dental implantology [28] [29] [30] .
Materials and methods

Sample preparation
Zirconia samples were prepared by cold uniaxial pressing into cylindrical rods. The employed granulate TZ-3Y-SB-E (TOSOH) contained 5.05 weight% Y 2 O 3 and 0.21 weight% Al 2 O 3 (i) to stabilize the tetragonal phase and suppress the t → m phase transformation and (ii) to additionally prevent low temperature hydrothermal degradation during aging [31, 32] . The radioactivity of the used zirconia powder was determined to be 5.8 Bq/kg which is well below the threshold defined in DIN EN ISO 13356. After a pre-sintering process at ~ 1000 °C, the cylindrical rods were milled to obtain disc shaped specimens (final diameter of 15 mm and a thickness of ~ 2 mm). The surfaces of all discs were milled prior to the subsequent abrasive surface treatments. The sandblasting was performed employing sintered Y-TZP grit with either a smaller or a larger diameter and with different applied pressures as indicated in Table 1 . Final sintering was performed at 1475 °C for 2 h. Titanium (commercially pure) cylinders were cut into discs of the same size, their surface was prepared according to Giordano et al. [33, 34] . The samples of the resulting four sample groups were cleaned and steam sterilized (121 °C, 0.2 MPa, 20 min) prior to the topographical, mechanical, physicochemical and cell biological analyses.
The dental implants for the in vivo study were prepared by milling a thread into a pre-sintered cylindrical peg (final diameter: 4.3 mm, length 12.0 mm; all dental implants with identical macrogeometry and thread design) as described above. Abrasive surface treatment, final sintering, cleaning and sterilization were performed as described above (Table 1) .
Microstructure analysis and investigations on the mechanical stability
For Y-TZP specimens the average grain size and distribution was determined from scanning electron micrographs (EVO MA10, Carl Zeiss NTS GmbH, Germany) with computer aided analyses (Analy-SIS 5.0, OLYMPUS, Germany, 179 measurements in 1° step/grain). For this purpose samples were grinded, polished and thermally etched at 200 K (for 30 min) below the sintering-temperature.
Additionally, the phase content of the sintered disc-shaped specimens to generate the influence of abrasive surface treatment in pre-sintered state was detected using a diffractometer (D5000, SIEMENS (now BRUKER-AXS), Germany) with Cu radiation, BraggBrentano setup (information depth: 3-12 μm). Monoclinic phase fraction was calculated using the Garvie-Nicholson method and monoclinic volume fraction was obtained using the modification proposed by Toraya et al. [35] .
Flexural strength was determined using a biaxial test system (piston on three balls) according to ISO 6872 with a standard universal mechanical testing machine (Schenk Trebel, Germany). In addition to the flexural strength, both the Weibull strength parameters (according to ISO 6872) and the significance levels were determined (U-test, Mann & Whitney, n = 15).
Topographical analysis
Surface roughness was analyzed employing 3D-topographical measurements using a Stereo-Scanning Electron Microscope (Carl Zeiss NTS GmbH, Germany) equipped with an eucentric tilting sample stage. The obtained SEM images (tilt angles 0°, 7° and 15°, three independent scan areas on three independent discs for each modification) were transformed into 3D digital surface models and the respective roughness parameters were determined by means of the software package MeX ® 5.1 (Alicona GmbH, Germany). The 3D surface roughness parameters (including height-, distance-and hybrid parameters) were determined for a defined region of interest of 150 × 150 μm 2 (filter wavelength: 75 μm). The measuring system was calibrated with a traceable roughness standard to ensure the accuracy of the analysis. The surface topography was analyzed for three scan areas on flat discs (as used in cell biological experiments) as well as for three thread flanks on the implants prepared for the in vivo experiments.
Physicochemical and chemical analysis
The chemical purity of all sample surfaces was assessed on the flat sample discs as well as on the modified dental implants using an Energy Dispersive X-ray spectrometer (Bruker AXS, Germany) with an energy resolution of < 127 eV. For each modification three ROI's (37 × 150 μm 2 ) on three different samples were analyzed. Wettability measurements were performed using a contact angle measurement system (OCA20, Dataphysics Instruments AG). From a statistical point of view it is reasonable to perform five independent measurements on different samples using the sessile drop method with a drop volume of 3 μL and to use the mean values for any further investigation.
Zeta potential was calculated from streaming potential measurements (SurPass, Anton Paar) using 1 mM KCl at pH of 7.5 and the equation of Fairbrother-Mastin. Flat sample discs were inserted in a clamping cell, the gap height between the samples was adjusted to be in the range of 150-160 μm. The results are means of four measurements.
Cell biological analysis
Primary human osteoblasts were purchased from Promocell (Heidelberg, Germany) and maintained in Osteoblast Basal Medium (Promocell C-27010), with 10% fetal bovine serum. MC3T3-E1 osteoblastic cells were maintained in α MEM Medium containing 10% fetal bovine serum and 1% penicillin/streptomicin. Titanium and Y-TZP discs with the above described surface treatments were sterilized (autoclaving) prior to cell testing. Primary human osteoblasts and MC3T3-E1 cells were seeded onto the sample surfaces in a density of 2 × 10 4 cells/ cm 2 . After an incubation period of 4 days the medium was gently aspirated, cells were fixed with 4% paraformaldehyde and stained with a Phalloidin AlexaFluor ® 532 conjugate (Invitrogen, Germany) according to the manufacturer's protocol. The cell morphology was investigated by means of confocal laser scanning microscopy (Leica Microsystems GmbH, Germany). The cell density on the surface after 7 days was determined by enzymatically detaching the osteoblasts and counting them in a hemocytometer. Gene expression analyzes were performed for a set of five osteogenic marker molecules (collagen type I, alkaline phosphatase, osteocalcin, osteopontin and osteonectin). The enzymatically detached cells were processed with the Cells to C T kit (Applied Biosystems, Germany) according to the protocol provided by the manufacturer. Real time RT-PCR reactions were performed with commercial SYBR Green primer assays (all SA Biosciences, Germany) employing the POWER SYBR Green ® kit (Applied Biosystems, Germany). The obtained C T values for the osteogenic markers were referenced to the C T values for the large ribosomal protein L13A (housekeeping gene) and calibrated to the respective expression of the cells before seeding onto the samples.
Animal model and surgical protocol
An established model for peri-implant bone regeneration under clinically relevant conditions is the frontal skull of a minipig [26] . In brief, in this study 9-14 months old female minipigs (average body weight from 18.3 to 22.6 kg, Ellegaard Göttingen Minipigs, Dalmose, Denmark) received a maximum of 10 dental implants per individual (8 implants per group). Prior to insertion bore-holes were prepared with spiral drills with increasing diameter. The implants were inserted randomized and blinded to the surgeon employing a manual torque wrench with a maximum insertion torque of ≤ 30 N·cm. Four months after insertion the animals were sacrificed and the frontal skull including the implants was harvested and snap frozen at − 80 °C. A detailed description of the surgical protocol is presented in [26, 36] . The study protocol was approved by local authorities (approval no. 02-032/09, Thuringian State Office for Food Safety and Consumer Care, Bad Langensalza, Germany).
Undecalcified sections of formalin fixed and embedded (Technovit 9100, Heraeus/Kulzer, Wehrheim, Germany) specimens were further processed by a cutting-grinding technique. After a reduction to ~ 100 μm radiographic images were prepared, scanned and evaluated. The bone-implant contact (BIC, defined as length of bone surface border in direct contact with the implant/complete implant periphery × 100%) was assessed for four regions of interest in a blinded manner. Results were analyzed by one-way analysis of variance using SPSS. Pairwise comparisons were performed using the Tukey post hoc test.
